We introduce the hybrid functional HSEsol. It is based on PBEsol, a revised Perdew-BurkeErnzerhof functional, designed to yield accurate equilibrium properties for solids and their surfaces. We present lattice constants, bulk moduli, atomization energies, heats of formation, and band gaps for extended systems, as well as atomization energies for the molecular G2-1 test set. Compared to HSE, significant improvements are found for lattice constants and atomization energies of solids, but atomization energies of molecules are slightly worse than for HSE. Additionally, we present zeropoint anharmonic expansion corrections to the lattice constants and bulk moduli, evaluated from ab initio phonon calculations.
I. INTRODUCTION
Density functional theory (DFT) in the formulation of Kohn and Sham (KS) 1 provides an efficient method to evaluate materials properties on a quantum-mechanical level. The present approximations to the exchange-correlation energy, however, lead to systematic errors in the description of geometrical properties, atomization energies, heats of formation, surface energies, and adsorption energies. For example the widely used local density approximation (LDA) and the gradient corrected Perdew-Burke-Ernzerhof (PBE) 2 functional yield average errors of approximately 1%-2% in the lattice constants; LDA underestimates, while PBE overestimates them. In addition, PBE lattice constant errors systematically increase with increasing mass (e.g., along the series C, Si, Ge, α-Sn). On the other hand, errors in the LDA atomization energies (compound energy vs. atomic energy) are often exceeding 100 kJ/mol, and although PBE improves the performance for the atomization energies significantly, for heats of formation the errors often remain as large as 50 kJ/mol per formula unit (f.u.). 3 An alternative approach is based on a (partial) exact treatment of the exchange energy. In most cases, it is favorable to mix only a fraction of the non-local exact exchange to a (semi)-local exchange expression. 4 These so called hybrid functionals (e.g., the PBE0 5, 6 functional by Perdew, Burke, and Ernzerhof) also offer a better description of band gaps as they can be considered as an approximation to the GW quasiparticle equation assuming a static, fixed dielectric function.
For solids, where the long-range part of the exact exchange is screened by correlation effects, faster numerical convergence of the hybrid functionals with k-points can be obtained by splitting the Coulomb interaction ν into a shortrange (SR) and long-range (LR) part, e.g., by defining
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and by evaluating the long range part using DFT. In the screened hybrid functional introduced by Heyd, Scuseria, and Ernzerhof (HSE), 7 one quarter of the PBE short-range exchange is replaced by the exact exchange and the full PBE correlation energy is added. In the HSE06 functional (HSE06) 8 the range-separation parameter μ is set to μ = 0.207 Å −1 , yielding a well balanced description for many properties.
Calculations of the lattice constants show that the fractional inclusion of exact exchange provides an improved description compared to the underlying semi-local PBE functional. 8, 9 However, HSE06 inherits the PBE tendency to overestimate lattice constants, as well as the increase of the error for heavier elements. This overestimation can be pronounced for metals (e.g., Ag error 2%), ionic compounds (LiF, LiCl, NaF, NaCl approx. 1%), and heavier elements (α-Sn error > 1.2%). 10 In addition, for transition metals, the atomization energies of solids exhibit significantly increased errors compared to PBE. In this paper, we introduce a hybrid functional, HSEsol, which has the same form and the same range-separation parameter as the HSE06 functional, but is based on the PBEsol 11 functional for the semi-local exchange and correlation part: 
A more detailed description of HSEsol and results for solids will be presented in Sec. II A and Secs. III A-III C, respectively. We note that the PBEsol functional yields very similar results as the AM05 functional suggested by Armiento and Mattsson in 2005, 12, 13 and we could have equally well have based our new functional on AM05. However, the lack of an explicit formula for the AM05 exchange hole precluded such a development.
Moreover, we present ab initio calculations of the zeropoint anharmonic expansion (ZPAE) effect on the lattice constants. The increase of the theoretical lattice constants caused by the ZPAE can be as large as 2% for very light solids such as LiH. The influence on Li is still 0.7% and 3, 16 or the second-order screened exchange corrected RPA, 17 that all yield average lattice constant errors as small as 0.5%, it is evident that the effect of the ZPAE must not be neglected. The ZPAE is often accounted for by semi-empirical formulas as derived in Ref. 18 . The ab initio evaluation of zero-point energies via the phonon density of states is well established. In the context of ab initio calculations, such corrections have been first calculated for BN 19 and MgO. 20 Nowadays, they can be routinely evaluated for the materials considered in performance tests of new functionals, however a concise set of zero point vibration corrections is yet not available for solids. The ZPAE evaluated from ab-initio via the calculation of phonon frequencies is discussed in Sec. II B. The results will be compared to the ZPAE corrections calculated using a the semi-empirical formula given in Ref. 18 .
II. METHOD OF CALCULATION
All results presented in this paper have been obtained using the projector augmented-wave method 21, 22 as implemented in the Vienna Ab Initio Simulation Package (VASP). 23, 24 The evaluation of the exact exchange energy in VASP as required for the HSE and the HSEsol functional has been discussed in Refs. 9 and 25. The PAW potentials used in the present work are equal to the ones in Ref. 9 . Parameters of the PAW potentials of elements not included in Ref. 9 are summarized in Table I .
A. The HSEsol functional
For the HSEsol functional, one quarter of the shortrange PBEsol exchange is replaced by the exact exchange. The short-range PBEsol exchange can be calculated by multiplying the LDA exchange energy density with the enhancement factor F S R,PBEsol x (s, μ/k F ), which depends on the dimensionless reduced gradient s = |∇n|/(2k F n) and the reduced range-separation parameter
The enhancement factor is determined by an integral of the range-separated Coulomb kernel ν S R = Erfc(μ u)/u times the spherically-averaged PBEsol exchange hole along y = k F u: The short-range exact exchange energy is obtained by replacing the Coulomb kernel in the exact exchange energy expression. The SR exact exchange is accordingly given as a double-sum over all occupied (occ) one-electron states ψ i (r):
The one-electron Schrödinger equation is solved with the corresponding non-local exchange potential
The convergence with respect to the k-point grid used in the BZ sampling is the same as for the HSE06 functional and we therefore refer to the detailed tests shown in Ref. 
B. Zero-point anharmonic expansion correction from ab initio
Experimental lattice constants are affected by contributions from phonon zero point vibration energies, which are in general not accounted for in zero temperature DFT calculations. Zero-point vibration energies influence not only the TABLE II. PBE lattice constants without (first column) and with (second column) zero-point vibrational energies. The change due to the resulting correction with respect to experiment is shown in column five and seven. The experimental T = 0 K lattice constants and the experimental lattice constants corrected for by the semi-empirical ZPAE given in Eq. (9) absolute energy but also the equation of state (energy versus volume curve), because the phonon frequencies decrease with increasing volume. This zero-point anharmonic expansion (ZPAE) has to be taken into account for an accurate comparison of theoretical and experimental lattice constants. To estimate the ZPAE, the PBE lattice constants of the materials presented in Table II are evaluated as the minimum of the internal energy U (V ) versus volume V curves
and as the minimum of the electronic contribution E 0 (V ) only. The zero-point vibrational energy is calculated as a frequency integration over the vibrational density of states g(V, ω):
We use a direct approach employing the force constant method as outlined in Ref. 33 to calculate the phonon dispersion relation and vibrational density of states g(V, ω) from ab initio. In this work, ab initio calculations were performed using 2 × 2 × 2 conventional unit cells and a plane-wave energy cutoff approximately 30 % above the default value. Convergence is reached at 4 × 4 × 4 k-points for insulators and semi-conductors and at 8 × 8 × 8 k-points for metals, with the exception of Li, which requires a 12 × 12 × 12 k-point grid. Figure 1 visualizes the effect of the zeropoint vibrations for the case of C. The energy versus volume curve resulting from electronic contributions only as well as the zero-point corrected curve are shown. Beside shifting the energy-volume curve to smaller binding energies, the addition of the zero-point vibrational energies leads to an increase of the lattice constants resulting from the anharmonic potential. The effect of the specific functional (e.g. LDA versus PBE) on the zero-point vibrational effect is found to be negligible.
To show this, we evaluated the zero-point energies applying the LDA functional for some selected materials. For the vibrational frequencies, the deviations from PBE are typically only about 5%, and the resultant change of the ZPAE corrected lattice constants is typically only 0.05 % (5% of 1%). This suggests that it is irrelevant whether the ZPAE are calculated using the PBE functional or using a more accurate 
In this equation, the lattice constants a 0 , the bulk moduli B 0 , and the Debye temperatures D are usually obtained from experiment, whereas the pressure derivative of the bulk modulus B 1 is usually calculated and thus depends on the applied functional. It is immediately obvious, that the semi empirical formula is remarkably accurate (see Table II ), a posteriori validating its use. In particular for metals, our present values are practically identical to the simpler empirical correction. For semiconductors and insulators, however, the empirical ZPAE corrections are slightly too large, specifically for C, BN, LiF or MgO the empirical formula overestimates the ZPAE by about 30%. This is most likely related to optical modes, which can not be properly described in the simple Debye model underlying Eq. (9). In Table II corrected and uncorrected PBE lattice constants are summarized for our test set of materials. As already mentioned above LDA ZPAE corrections would be almost identical to PBE ZPAE corrections. It seems therefore reasonable to correct the experimental lattice constants directly, and to compare with those corrected experimental lattice constants from now on, instead of applying the corrections to the theoretical energy-volume curves. This is the route we will take from now on (see Table III for the corrected experimental lattice constants).
III. RESULTS

A. HSEsol lattice constants and bulk moduli
Lattice constants obtained from the HSEsol functional are summarized in Table III and are compared to PBE, PBEsol, and HSE06 values, whereas detailed results for the bulk moduli can be found in the supplementary material. 35 The lattice constant errors (%) with respect to the ZPAE corrected experimental values are visualized in Fig. 2 (see also the supplementary material for alternative representations of the same data). 35 While the PBE functional predicts overall too large lattice constants (with the exception of Na and Li), both HSE06 and PBEsol reduce the lattice constants and improve agreement with experiment. Compared to ZPAE corrected experimental lattice constants, the PBEsol and the HSE06 lattice constants are however still too large. The HSEsol functional provides smaller mean relative errors than the three other functionals, and only for Rh and GaN the error in the HSEsol lattice constants is larger than 1%. The bulk moduli are predicted to be slightly too large for HSEsol, but again, the HSEsol functional yields the smallest deviation from experiment (MARE: PBE 12.6%, PBEsol 6.6%, HSE 6.7%, HSEsol 4.0%). We note that the comparison was done with zero-point corrected bulk moduli by subtracting the zeropoint corrections calculated for the PBE functional from the experimental values. This is certainly an approximation, but TABLE III. Theoretical lattice constants (Å) using the PBE, PBEsol, HSE, and the HSEsol functional. The PBE and HSE06 lattice constants equal the ones given in Ref. 9 . The experimental lattice constants are taken from Ref. 32 and ab initio ZPAE corrections have been subtracted (see Table II A characteristic feature of the PBE functional is the increase of the error in the lattice constants for heavier solids. This can be seen, e.g., along the series: C-Si-Ge-α−Sn, GaNGaP-GaAs or InP-InAs-InSb. The PBEsol and HSE06 functionals follow this trend as well, but with a reduced slope in the lattice constant error. HSEsol reduces the slope for the CSi-Ge-α−Sn even further. For GaN-GaP-GaAs, it performs slightly worse than PBEsol (but better than HSE06), whereas for InP-InAs-InSb, the slope is similar to PBEsol (and smaller than for HSE06).
B. HSEsol atomization energies and heats of formation
Ideally, a functional should provide reasonable atomization energies for molecules and extended systems. This goal is very difficult to achive using density or hybrid functionals. Generally, the PBE functional overestimates the stability of molecules, and it underestimates the stability of solids. By changing the density functional, one can either increase or decrease the atomization energies, but it is not possible to get solids and molecules right simultaneous using simple gradient corrected functionals. As we will see, replacing part of the density functional theory exchange by exact exchange also reduces the atomization energies (to a large extent this is related to an increased spin-polarization energy of the atoms), but again it is not possible to improve the description of solids and molecules simultaneously.
In this section, we present atomization energies for molecules (G2-1 set at PBE0 geometries for 55 molecules) in Table VI and for extended systems in Table V using the PBE, PBEsol, HSE and HSEsol functionals. Heats of formations with respect to the components under ambient conditions are summarized in Table IV. The two semi-local functionals, PBE and PBEsol, significantly overbind molecules in the G2-1 test set (Table VI) . The average PBE atomization energies are closer to experiment (ME 27 kJ/mol) than the PBEsol atomization energies (ME 70 kJ/mol). Adding exact exchange reduces the mean error for both functionals to −5 kJ/mol (HSE) and 29 kJ/mol (HSEsol). We note that the reduction of the binding energy is pretty similar for both functionals amounting to about 30 kJ/mol, and it is clear that the HSE06 functional performs significantly better than the HSEsol functional. For the extended systems (Table V) , on the other hand, the PBE functional performs already quite well (ME -12 kJ/mol). Contrary to small molecules, solids are underbound on average. In this case, adding non-local exchange can make the situation only worse, resulting in significant underbinding (ME -22 kJ/mol). For metals, the performance of the HSE06 functional is, in fact, particularly bad with the worst cases being transition metals. While PBE provides a very reasonable atomization energy for them (6 and 22 kJ/mol for Rh and Pd), the error for the HSE06 hybrid functional is about 100 kJ/mol. As for molecules, PBEsol increases the atomization energies significantly with respect to the PBE values (ME 26 kJ/mol). In this case, adding non-local exchange helps to reduce the atomization energies back to very reasonable values (ME 4 kJ/mol) but unfortunately the mean absolute error remains large and very similar to the PBE case (HSEsol MAE 18 kJ/mol, PBE MAE 15 kJ/mol). A major reason for this is that HSEsol tends to underbind metals (ME -20 kJ/mol), but overbinds insulators and semiconductors (ME 11 kJ/mol). This reduces the mean error but also increases the mean absolute error.
Assessments based on atomization energies only are sometimes criticized for depending too much on the quality of the description of the atoms. We have thus selected a few gas phase/metal and and solid/solid state reactions. To this end, the heats of formation of eight solid compounds are summarized in Table IV . Although PBE performs reasonably well for the atomization energies of solids, heats of formation are shockingly inaccurate (ME −51 kJ/mol). The likely and common explanation for this error is that the binding energy of dimers, O 2 , N 2 , F 2 etc. are overestimated (compare Table  VI ) but this does not explain the error for MgH 2 or SiC. For this particular test set, PBEsol performs slightly better than PBE, but it reduces the overbinding only by a few kJ (ME −44 kJ/mol). The two hybrid functionals perform better than the parent semi-local functionals (HSE06 ME −33 kJ/mol, HSEsol ME −24 kJ/mol). The likely explanation for this observation is that hybrid functionals make the binding in metals weaker compared to the binding of the final (ionic) compounds. Simultaneously the bond-strength of the dimers is reduced by admixing non-local exchange, bringing the heats of formation in better agreement with experiment. However, none of the semi local or hybrid functionals perform as well as the RPA 3, 16 (RPA ME −14 kJ/mol), suggesting that the RPA is presently the best choice for predicting the thermo chemistry of solids, but matter of fact, the RPA is orders of magnitude more expensive than local or even hybrid functionals.
Overall, the atomization energies and heats of formation presented in this subsection suggest that HSEsol provides quite reasonable atomization energies (although far from chemical accuracy) for both molecules and extended systems, as well as, the best heats of formation (disregarding RPA) among the functionals presented in this work.
C. Band gaps
It is often argued that KS one electron band gaps do not need to match the experimental QP band gaps. This is certainly true from a fundamental point of view. For instance, it has been shown that even very accurate Kohn-Sham potentials yield one-electron (Kohn-Sham) band gaps that do not match the QP energies. 39 However, the exact KS energy functional and the exact KS exchange-correlation potential possess an integer discontinuity upon adding or removing electrons, which would allow to calculate the exact QP gap by adding and removing electrons from large supercells and taking appropriate energy differences. 40, 41 For local and semilocal density functionals, as well as, hybrid functionals, on the other hand, energy differences encountered upon adding electrons to or removing electrons from Bloch states are exactly equivalent to the one-electron energies of the Bloch states to which the electron is added or removed. For a more detailed discussion we refer to Cohen, Mori-Sanchez and Yang. 41 From a fundamental point of view, one might argue that the flaw of the present KS-functionals is the lack of this integer discontinuity, but from a practical point of view, the origin of the flaw matters rather little. As long as the exchange correlation functional does not possess an integer discontinuity, it is a sensible test to compare KS one-electron energies with the fundamental band gap. 42, 43 If the KS one-electron energy differences do not match the experimental band gaps, the applied functional needs to be used with some care, in particular if defect states are modeled. [44] [45] [46] [47] While, fundamental band gaps obtained from the oneelectron energies of local and semi-local functionals are consistently too small, the admixture of exact exchange leads to an opening of the gap yielding good agreement with experiment. In Table VII , fundamental band gaps evaluated using the PBE, PBEsol, HSE06, and HSEsol functional are presented. For each functional, the lattice constant was set to the respective theoretical equilibrium lattice constant. As the PBE and PBEsol functionals predict similar band gaps, it can be expected that the HSE06 and the HSEsol band gaps are close to each other as well. This is in fact the case, as can be seen from the very similar average errors provided by the two hybrid functionals, HSE06 and HSEsol. Both hybrid functionals perform significantly better than the semi-local PBE and PBEsol functionals. Only for large gap insulators, hybrid functionals do not yield satisfactory results, essentially because one quarter of the exact exchange is insufficient to recover the correct band gap. In this case, half-half functionals yield somewhat better agreement with experiment, e.g. LiF (12.95 eV), NaF (9.47 eV) and NaCl (6.71 eV). However, the screening parameter μ is too large to allow for a better agreement with experiment. Figure 4 summarizes the energetics we have determined in the present work for PBE, HSE, PBEsol and HSEsol for sp elements in the first, second and third row. The plot is based on the atomization energy errors for molecules and solids shown in Tables VI and VII but restricts the statistics to simple metals (Na, Li, Al), ionic and covalent compounds (NaF, NaCl, AlN, . . .) and diatomic molecules (O 2 , F 2 , N 2 , P 2 , . . .). All energies are specified in kJ/mol per atom so that the graph essentially conveys the same content as the heats of formation shown in Table IV .
IV. DISCUSSION
Since all functionals describe the energy of the free electron gas exactly, all four functionals fall onto a single line for this case (zero error in the total energy). The energies of atoms are more problematic, and, ideally, we would have liked to indicate the mean energy error for atoms for each functional in our plot. However, determining this error turned out to be rather cumbersome, since accurate atomic reference data are not available, in particular, if we want to assess the valence electron error only. We therefore aligned the atomic energies at zero, as well. Therefore, the y-position of each bar reflects the atomization energy error for metals, ionic and covalent solids and molecules, respectively. For each bonding situation we show 4 bars, corresponding to the error of the PBE, PBEsol, HSE and HSEsol functional. The presentation has been chosen such that negative values correspond to overbinding (different sign than in the tables).
Let us first concentrate on the PBE results (black bars). Clearly, PBE overestimates the atomization energies of small molecules significantly but slightly underestimates the atomization energies for metals, semiconductors and insulators. We note that real metals show a behavior in-between covalent solids and the free electron gas, which is sensible, since bonding in real metals is a mixture of covalent and free electron like bonding. One issue that is visible in the plot is that PBE significantly underestimates the heats of formation upon forming a compound from a metal and a gas phase molecule. As we have already discussed, the origin of the problem is the PBE overbinding for molecules. As a result, the heats of formation for the reaction metal + molecule → compound (10) is underestimated, as indicated by the black arrow in Fig. 4 . With respect to atoms, PBEsol (blue bars) somewhat overbinds solids and strongly overbinds molecules. This is a result of aligning the energies for atoms at zero. In fact, the PBEsol functional yields smaller gradient corrections and thus less negative exchange correlation energies, but since the effect is strongest for atoms, molecules and solids are energetically overbound compared to atoms. Concerning the heats of formation of compounds w.r.t. metals and gas phase molecules, a slightly smaller error is observed for PBEsol than for PBE (blue arrow).
Hybrid functionals generally increase the stability of the spin polarized atom that we use as reference, and hence reduce the binding energy resulting in less negative atomization energies (red and pink bars). Remarkably, the changes in the atomization energies are largest for molecules, small for insulators and semiconductors, and fairly small for metals. This reflects a systematic difference between the local (DFT) and non-local (HF) exchange energy in extended and localized systems: whereas the difference is expected to be zero for the uniform electron gas, since all DFT functionals exactly reproduce the exchange energy of jellium, the difference is rather large for systems with localized electrons. We note that changes from PBEsol to HSEsol are larger than from PBE to HSE, suggesting that PBE models the exact exchange energy more precisely than PBEsol. In fact, functionals with even stronger gradient corrections, such as revPBE 49 and RPBE, 50 would be even better suited for molecules, but obviously such functionals would introduce too strong gradient corrections for extended systems, increasing their atomization energy error and lattice constant error even further beyond that of PBE. An important question at this point is to what extent the diagram is biased by the restriction to a small set of the elements. This certainly is a difficult question that can be only addressed by increasing the test set further, but we believe that the general behaviour will not be affected by this choice: the stability of molecules is overestimated compared to bulk systems, regardless of the chosen (semi-local) density functional and test set. For instance, for Si (not included in the construction of the diagram) our PBE data show that the stability of the Si 2 dimer is overestimated by 30 kJ/mol, whereas the solid is underbound by 12 kJ/mol in rough agreement with our schematic energy plot. We thus conclude that the schematic diagram captures a true shortcoming of the presently available semi-local and hybrid functionals, that is encountered when one moves from a uniform system to open structures with spatially confined electrons.
Which one is the best functional: The diagram suggests that there is no "best" functional. PBEsol is ideally suited for simple metals. For insulators and semiconductors, errors in the atomization energies are roughly similar but of opposite sign for PBE and PBEsol, and one would need a functional with intermediate gradient corrections. For molecules, even the PBE gradient corrections do not suffice to recover a reasonable energetics, and in fact, revPBE and RPBE with even stronger gradient corrections are known to achieve the best molecular energetics. 49 As Perdew has already pointed out, the strength of the gradient correction needs to be chose system dependent, something that can be only achieved by including additional information as done in the TPSS or revTPSS functional. 15 For hybrid functionals, the HSE functional does the best overall job for atomization energies of molecules, but HSEsol is best suited for solids. Again, none of the functionals is ideal. Tentatively, we believe that the proper physics can be only recovered by functionals that use the correct amount of the nonlocal exchange interaction, but the required fraction is system dependent: a sizeable amount of exact non-local exchange in molecules and atoms, and very little non-local exchange in solids would produce about the right energetics.
V. CONCLUSIONS
In this work, we have presented an improved hybrid functional for solids. In this functional, one quarter of the shortrange semi-local exchange is replaced by exact exchange, analogous to HSE. In contrast to HSE, it relies on the PBEsol instead of the PBE functional for presenting the semi-local exchange part and the correlation energy. We note that similar functionals have been proposed for the modeling of ferroelectric materials, however, a careful evaluation of the performance of such functionals has not been presented yet. 51 Our motivation to introduce a hybrid functional based on PBEsol is to improve the performance of hybrid functionals for solids. Although HSE06 yields very good atomization energies for molecular systems, errors in the lattice constants of solids can be sizable (e.g. 2% and 1.6% for Ag and NaCl, respectively, mean absolute relative error 0.7%). Accurate lattice constants are important for ab initio modeling since most physical quantities need to be evaluated at the theoretical geometry, if consistency is aimed at. Furthermore, in contrast to molecular systems, HSE06 atomization energies of solids are not improved compared to PBE.
The ideal hybrid functional for solids should yield better lattice constants (and bulk moduli) than HSE06, and it should improve the atomization energies for solids. At the same time, molecular atomization energies should not be significantly worsened, and the description of band gaps should remain similar to HSE06. The HSEsol functional provides all this: the mean absolute error in the lattice constants is reduced from 0.67% (HSE06) to 0.28%. For the systems studied in the present work, the largest lattice constant error is 1.1% (Rh) compared to the largest HSE06 error of 2.0 % (Ag). For molecular atomization energies, the improvement provided by the HSEsol functional compared to the underlying PBEsol functional is of the same order as from PBE to the HSE06 functional. But because PBEsol performs significantly worse than PBE for molecules, the HSEsol results are not on par with the HSE06 results. This disadvantage of the HSEsol functional is, however, compensated by the improved HSEsol atomization energies of solids. For metallic systems, the HSE06 error is almost halved (from MARE 13.2% to 6.8%) and for insulators and semiconductors HSEsol performs also slightly better (HSE06: MARE 4.4%, HSEsol: MARE 3.7%). Additionally, HSEsol heats of formation (with respect to the constituents in their groundstate at ambient conditions) are closer to experiment than the HSE06 values. For the energetics of solids, HSEsol is thus seemingly a better choice than HSE06. Finally, bands gaps are of comparable quality as for the HSE06 functional.
In summary, we believe that HSEsol provides an improved description of solids compared to HSE06. Specifically, the prediction of lattice constants and heats of formations is much improved.
A second issue discussed in this work is the ab initio calculation of the zero-point vibrational effects on the atomization energies and of the zero-point anharmonic expansion contributions to the lattice constants and bulk moduli. In first principles calculations, these effects are a priori not taken into account for the calculation lattice constants and atomization energies, hence, it would be most convenient to correct the experimental values for zero-point effects in order to precisely determine the accuracy of a functional. The zero-point effect on the lattice constants is on average about 0.3 % (LiH excluded) and is therefore in the range of error of accurate methods such as the HSEsol functional. In this work, we presented zero-point anharmonic expansion effects calculated from ab initio phonon calculations based on the quasi harmonic approximation. Although the evaluation of zero-point energies is straightforward, to the best of our knowledge zero-point anharmonic expansion effects have not yet been presented for a larger set of solids. The values presented in this work can be used as a generic correction for the experimental lattice constants and bulk moduli.
